ABSTRACT Gas emissions from broiler production have been the subject of intensive research. However, little experimental information exists for farms under the particular management and environmental conditions of the European Mediterranean area. In this study, ammonia, carbon dioxide, methane, and nitrous oxide concentrations and emissions were measured in a commercial broiler farm located in Spain. Gas concentrations were measured using a photoacoustic gas monitor, whereas the ventilation flow was evaluated by controlling the operation status of each fan. Two rearing periods were studied, one in summer and one in winter. All gas emissions increased with bird age. Ammonia emission rates averaged 19.7 and 18.1 mg/h per bird in the summer and winter, respectively, and increased with indoor temperature (r 2 = 0.51 in summer; r 2 = 0.42 in winter). Average CO 2 emission rates were 3.84 and 4.06 g/h per bird, CH 4 emission was 0.44 and 1.87 mg/h per bird, and N 2 O emission was 1.74 and 2.13 mg/h per bird in summer and winter, respectively. A sinusoidal daily variation pattern was observed in all emissions except for CH 4 . These patterns were characterized in terms of time of maximum emission and amplitude of the daily variation.
INTRODUCTION
Intensive rearing of chickens for meat production in Spain accounted for 137 million places and 1,155,000 t of meat production in 2008, being the second most important producer in the European Union after the United Kingdom (FAOSTAT, 2010) . This intensive production may have environmental impacts on soil, water, and air, which must be quantified and, if possible, minimized.
Typical Spanish intensive broiler farms are transversally mechanically ventilated; they use different bedding materials, particularly rice hulls and wood shavings, according to the availability and prices of these products. As a consequence of the different market demands, rearing cycles are usually long (up to 7 wk, with birds being about 2.6 kg in final BW) in comparison with those in other European countries. Litter is always removed at the end of the cycle, in contrast to the usual reuse of litter in some countries, for example, in the United States.
Ammonia is produced in broiler facilities by the biological breakdown of uric acid, which occurs within a few days according to the process described by Carlile (1984) . Ammonia release from broiler buildings has been widely studied by attending to its distinct effects: the environmental impact (Wathes et al., 1997; Lacey et al., 2003; Siefert et al., 2004; Hayes et al., 2006) , the negative effects on human health (Hinz and Linke, 1998) , the loss of N as a nutrient (Guiziou and Bé-line, 2005; Coufal et al., 2006) , or the negative effects on broiler meat production and performance (Quarles and Kling, 1974; Reece et al., 1980 Reece et al., , 1981 Robertson et al., 1990; Kristensen and Wathes, 2000; Wathes et al., 2002; Homidan et al., 2003) .
Carbon dioxide production from animals and poultry has been used as a tracer gas to determine the ventilation flow indirectly according to the procedure proposed by the International Commission of Agricultural Engineering (CIGR, 2002) . However, direct measurements of CO 2 emissions are usually not reported because this gas is not considered a net pollutant to the environment (IPCC, 2006) . Carbon dioxide production by broilers has been reported to be proportional to their metabolic heat production, and thus to the metabolic BW of the birds, which in turn is affected by the temperature and bird activity (CIGR, 2002) .
Finally, CH 4 and N 2 O are greenhouse gases with high global warming potential, which are, respectively, 21 and 310 times the greenhouse effect of CO 2 (Solomon et al., 2007) . Methane is produced by fermentation of organic matter, whereas N 2 O is related to the agricultural N cycle and is produced in the nitrification and denitrification process in the management of manure and after its application to agricultural soils.
Numerous factors affect the emission of these gases from broiler facilities. Ammonia emission is affected by litter material, temperature, litter humidity, ventilation flow, and management techniques (Elliott and Collins, 1982; Patterson and Adrizal, 2005) . Regarding their digestive physiology, broilers are monogastric and do not produce significant amounts of CH 4 (Crutzen et al., 1986) , which has been verified in experimental studies (Wang and Huang, 2005) . According to that research, the International Panel on Climate Change did not consider CH 4 emissions from enteric fermentation of poultry in the National Emission Inventories (IPCC, 2006) . However, it is not well understood whether considerable amounts of CH 4 may be emitted from litter reactions inside the building, depending on the litter management and conditions. Experimental procedures to estimate gas emissions, as well as the presentation of results, are heterogeneous. This may be a drawback when comparing results among different studies. It is therefore challenging to determine a representative emission factor for a certain region, and in all cases, an estimation of the trustworthiness of the reported value should be provided. For this reason, commonly accepted methodologies and comprehensive descriptions of the experiments must be used to report this information (Groot Koerkamp et al., 1998) . In addition, emissions are not constant in time. Therefore, identifying temporal emission patterns would be crucial for establishing cost-effective measurement protocols and mitigation techniques that focus in those periods when emissions are higher.
Considering that the Spanish Mediterranean area is characterized by specific environmental conditions and management systems, the general objective of this study was to characterize gas concentrations and emissions (NH 3 , CO 2 , CH 4 , and N 2 O) on a commercial broiler farm under the usual management and environmental conditions in this region. A second objective was to analyze the daily variation in those emissions and to examine the parameters involved, with emphasis on bird age and temperature.
MATERIALS AND METHODS

Description of the Farm
Gas emissions were measured in a commercial, mechanically ventilated broiler farm located in Villarreal (eastern region of Spain) for 1 summer and 1 winter cycle. The building measured 130 × 14 m and is representative of the commercial farms in this region. It had 16 lateral exhaust fans: 9 of them larger (airflow = 34,956 m 3 /h at ΔP = 0 Pa) than the other 7 (airflow = 12,750 m 3 /h at ΔP = 0 Pa). The ventilation rate was controlled by a commercial control system (Tuffigo, Saint Evarzec, France), depending on the age of the bird and environmental conditions.
The summer experiment began with 10,000 male and 10,100 female chicks on July 20 and ended on September 4, with a cycle length of 48 d. Approximately 20% of the 42-d-old chickens were removed on August 28. Mortality during the growing period was 5.14%, and the final production was 19,067 birds and 46,420 kg (2.43 kg/bird), with a feedstuff consumption of 84,913 kg and a conversion rate of 1.83.
The winter experiment began on December 15 with 12,000 male and 12,000 female broiler chicks and ended on January 31 (49-d cycle) . Approximately 15% of the 42-d-old chickens were removed on January 24. Mortality during the growing period was 3.28%, and the final production was 23,212 birds and 62,534 kg (2.69 kg/ bird), with a feedstuff consumption of 114,000 kg and a conversion rate of 1.82.
New litter material (approximately 8 to 10 cm deep and 4 kg/m 2 of rice hulls) was used at the beginning of each cycle, and the litter was completely removed at the end of the cycle, establishing a sanitation period of between 2 and 3 wk. Birds were fed ad libitum in 2 phases of different CP content: the first phase included the first 2 wk (21.8% CP), whereas the second phase extended to the end of the growing period (20.2% CP).
Measurement of Gas Emissions
Gas emissions were calculated by means of a gas balance method in the volume determined by the building, according to equation 1:
where E is the emission (mg/h), C outlet and C inlet are the outlet and inlet gas concentrations, respectively (mg/m 3 ), and V is the ventilation rate in the building (m 3 /h). This balance was calculated every 2 h during the entire rearing period. Gas concentrations and ventilation rates were measured simultaneously during the 2 rearing cycles. To determine ventilation rates, the methodology described by Calvet et al. (2010) was followed: performance curves of each fan were first determined as a function of pressure drop, and the operating times of each were recorded continuously during the 2 cycles to obtain the ventilation rate for the whole building. More details on the ventilation system, measurement protocols, and ventilation results can be found in .
Concentrations of CO 2 , N 2 O, NH 3 , and CH 4 were measured using a photoacoustic multigas monitor (Innova 1412, LumaSense Technologies, Ballerup, Denmark) equipped with a gas multiplexer that allowed sequential measurement at 8 different points in a 2-h sequence (15 min for each measurement). As shown in Figure 1 , four sampling points were placed next to the extraction fans of the building at a height of 1.2 m to determine exhaust gas concentrations, and 2 were placed at the air inlet openings for the characterization GAS EMISSIONS FROM A MEDITERRANEAN BROILER FARM of outside air. The remaining 2 sampling points were placed in the middle of the building (1.2-m height) to obtain further data on the distribution of gas concentrations. In the winter trial, measurements began on d 7 of the cycle.
Temperature and RH were measured continuously both indoors and outdoors by using 4 data loggers (Hobo H8-004-002, Onset Computer Corp., Pocasset, MA) and a weather station (Hobo Weather Station, Onset Computer Corp.), respectively. The locations of these sensors are detailed in Figure 1 .
Data Analysis
A continuous database that included temperature, RH, ventilation flow, and gas concentrations and emissions was obtained for the 2 growing cycles studied. To present the results, data were integrated per week according to bird age because gas emissions and concentrations varied with bird age. The first week was not measured in the winter cycle, but the results from the summer measurements indicated that no significant emissions were produced in the first week of the 2 rearing periods studied. Therefore, data corresponding to wk 2 to 7 are presented in the results.
The daily rhythmic variation in temperature and gas emissions was analyzed by using all available data, separately for the summer and winter cycles. Considering the daily basis of the data, the length of the period was established at 24 h. The following regression, based on the Fourier transformed series, was modeled using the NLIN procedure of SAS (SAS Institute, 2001):
where X i is the modeled parameter, µ is the average value, A is the modeled amplitude, t i is the hour of the day (h), t max is the time at which the maximum value is achieved (h), and ε i is the model error. In this analysis, gas emissions were considered in relative terms, because the average emission values changed with bird age. In this way, the modeled average was 1, and the amplitude indicates the maximum variation during the day in relative terms.
Ammonia emissions were expected to be influenced by indoor temperature, and this hypothesis was tested in the present study. Considering that temperature and NH 3 emissions vary in absolute terms during the growing cycle, both parameters were standardized as follows. Temperatures were considered as differences with respect to the daily average, whereas gaseous emissions were considered in terms relative to the daily average. The relationship between the 2 parameters was studied following a linear regression model, using the REG procedure of SAS (SAS Institute, 2001):
where E rel,i is the gas emission expressed in terms relative to the daily average, T dif,i is the temperature difference with respect to the daily average (°C), and ε i is the model error. The parameter β 0 is expected to be 1 because the average gas emission (average E rel = 1) is expected for the daily average temperature (T dif = 0). The temperature effect is quantified by β 1 , and it can be interpreted as the relative change in the emissions when the temperature changes by 1°C. This dependence was not tested for other gases because their emissions were not expected to be determined directly by temperature.
RESULTS AND DISCUSSION
Environmental Conditions and Gas Concentrations
The environmental variables during both cycles are summarized in Table 1 . The 2 experiments were conducted in very different climatic conditions, as evidenced by the difference in outdoor temperatures. In contrast, indoor temperatures were more similar between cycles than outdoor temperatures, as a consequence of the environmental control program required to grow broilers. Nevertheless, the difference between summer and winter indoor temperatures was on average 4.5°C. Ventilation rates increased with bird age and were strongly affected by outdoor temperatures. As expected, the average ventilation rate throughout the cycle was considerably higher in summer (199,089 Figure 1 . Measurement locations on the farm: inlet gas concentration (C inlet 1 and C inlet 2); outlet air concentration (C outlet 1 to C outlet 4); internal gas sampling points (C in 1 and C in 2); and temperature and RH inside the building (T1 to T4) and outside the building (weather station). Innova = Innova 1412 photoacoustic multigas monitor (LumaSense Technologies, Ballerup, Denmark). m 3 /h) than in winter (66,802 m 3 /h). When expressed per bird mass, average ventilation rates were 4,881 and 1,011 m 3 /h per 500 kg of live weight (LW) in summer and winter, respectively. However, the differences between cycles regarding RH were not so evident.
Because the indoor environment is strongly controlled, indoor temperature did not differ from data reported previously in different climatic regions, despite the fact that ventilation flows were considerably higher in this study. Indoor temperatures did not differ considerably from those in other studies. Seedorf et al. (1998a) found an average temperature of 25.3°C in summer and 24.5°C in winter on several farms in the United Kingdom, the Netherlands, Germany, and Denmark, which is in the temperature range obtained here (26.9 and 22.4°C in summer and winter, respectively). Indoor RH was lower in this study (averaging 57 and 61% in summer and winter, respectively) than in Northern Europe, for which Seedorf et al. (1998a) reported average values of 66 to 71%.
Perhaps the major particularity of the farm studied herein is related to the need for high ventilation flows, which is common in the Spanish Mediterranean area. This is closely related to the outdoor conditions, characterized by high average temperatures (24.7°C in summer and 9.8°C in winter) and RH (65 and 71% in summer and winter, respectively). Ventilation rates measured in this study are considerably higher than those airflows measured by Seedorf et al. (1998b) in Northern Europe, which ranged between 686 and 1,195 m 3 /h per 500 kg of LW in summer and between 365 and 506 m 3 /h per 500 kg of LW in winter. These environmental differences, particularly in ventilation flow, may explain potential differences found in gas concentrations and emissions.
The evolution of measured gas concentrations during the 2 growing cycles is presented in Figure 2 . In winter, gas concentrations were generally higher than in summer because of the lower ventilation rates observed. In both cases, a daily variation pattern was observed as a result of the ventilation flow pattern, and gas concentrations were higher at night than during the day.
Ammonia concentration was almost negligible for the first days of each growing period. In winter, NH 3 concentrations increased sharply from d 10 (less than 1 mg/m 3 ) to d 15 (15 mg/m 3 ). From this day to the end of the cycle, NH 3 concentration ranged between 6 and 25 mg/m 3 . In summer, NH 3 concentrations increased constantly between d 20 and 40, but maximum concentrations did not exceed 10 mg/m 3 . Ammonia concentration was normally under the threshold values recommended by CIGR (1992) for bird welfare and human well-being (17.5 mg/m 3 ), which were reached only on a few winter nights when ventilation was minimal.
Maximum CO 2 concentrations occurred at the beginning of the winter cycle, which may be related to the low ventilation flow required to maintain indoor conditions. Average CO 2 concentrations were stable in the summer cycle (approximately 2,000 mg/m 3 ) but reached 10,000 mg/m 3 at the beginning of the winter cycle. Methane concentrations were lower than 10 mg/m 3 during both cycles, but high variability in this gas was found. For N 2 O gas, concentrations were quite stable during the cycle, averaging 0.73 and 1.10 mg/m 3 during the summer and winter cycles, respectively. Table 2 summarizes the effect of bird age, expressed in weeks, on gas emissions for the 2 growing periods. The emission of gases was clearly influenced by the age of the birds, but the accumulated NH 3 emissions were higher in summer (17.04 g of NH 3 per bird produced) than in winter (15.95 g of NH 3 per bird produced).
Gas Emissions
Although the accumulated NH 3 emissions were similar in summer and in winter, the temporal emission patterns during the cycle in NH 3 emissions were completely different. In winter, significant emissions began at d 10 and reached a maximum emission rate at d 47 (36.33 mg/h per bird). In summer, emissions began at d 20, but higher emission values than in winter were found at the end of the cycle (66.71 mg/h per bird at d 44). In both cases, most emissions were produced at the end of the cycle, particularly in the summer experiment. This is similar to results reported by Guiziou and Béline (2005) , who found a significant increase in NH 3 emissions on d 30 under winter conditions. This emission pattern is important for determining when to apply emission abatement techniques. The different emission patterns of NH 3 between summer and winter cycles may be explained by the state of the litter: in winter, lower ventilation rates caused that litter to become wet earlier in the growing cycle; thus, biological reactions leading to NH 3 production were promoted. In summer, however, the litter was dry until later in the cycle because of the high ventilation flows, and the main biological activity in the litter occurred at the end of the rearing period. However, specific research would be necessary to quantify these relationships.
Both summer and winter NH 3 emission values were within the range provided in the literature (Table 3) . It is remarkable that the overall emissions obtained in this study were, in general terms, higher than those obtained in other European countries, which may have been caused by the longer growing cycle in this study. As reported by Guiziou and Béline (2005) and confirmed in this study, most NH 3 emissions are emitted at the end of the growing cycle. On the contrary, the average NH 3 emissions obtained here were lower than those obtained in the United States, although management practices are similar to those in the farm studied. The use of built-up litter may be related to this increased NH 3 emission because it increases the overall emission of NH 3 by approximately 46% (Gates et al., 2008) .
Carbon dioxide emission values and temporal patterns during the cycle were very similar in winter and summer (3.58 and 3.60 kg of CO 2 per bird produced, respectively). Overall CO 2 production was similar to the 3.79 kg of CO 2 per bird produced estimated using the CO 2 balance methodology (CIGR, 2002). The similarity between the cycles was obvious because CO 2 is mainly produced by the birds in breathing, depending on the metabolic reactions. These parameters are relatively independent from outside environmental conditions because of the strict environmental control on broiler farms and they are more closely related to management practices. For CH 4 and N 2 O, winter emissions (1.63 g of CH 4 and 2.07 g of N 2 O per bird produced) were found to be slightly higher than in summer (1.22 g of CH 4 and 1.73 g of N 2 O per bird produced). For NH 3 and CO 2 , most emissions originated at the end of the growing period. Few experimental studies have indicated the order of magnitude of CH 4 emissions from broilers. Methane emission from enteric fermentation in poultry was evaluated by Wang and Huang (2005) by using an environmental chamber. These authors found an average emission factor of 15.9 mg of CH 4 per bird. Wathes et al. (1997) estimated CH 4 emissions from poultry houses as approximately 0.4 g of CH 4 per bird. Guiziou and Béline (2005) , however, found no significant CH 4 emissions from broilers when using the same method. Wang and Huang (2005) measured N 2 O from broilers and found an almost negligible emission factor of 0.03 mg of N 2 O per bird produced. Wathes et al. (1997) estimated N 2 O emissions as about 1 g of N 2 O per bird produced, which is almost one-half of the emissions obtained in this study. This variability may be caused by differences in litter reactions within the broiler house during the growing period.
According to these results, CH 4 and N 2 O may be emitted in broiler rearing, but they may not be relevant in comparison with emissions from other bird species. However, these estimations may have a relatively high uncertainty because the measured concentrations were very near the measuring threshold of the gas monitor. Therefore, more research would be necessary to quantify these emissions more precisely.
Daily Emission Patterns and Factors Affecting NH 3 Emissions
A clear daily variation pattern was found for all the measured parameters. In Figure 3 , these variations are expressed in average terms for the summer and winter cycles separately. The regression parameters obtained for those emission patterns are also presented (Table  4 ). All models were statistically significant (P < 0.001) except for CH 4 emissions in summer, for which the daily pattern could not be identified. Maximum gaseous emissions were identified between 15 and 18 h, whereas minimum emissions occurred between 3 and 6 h, similar to the findings of Roumeliotis et al. (2010) . Summer emissions showed higher amplitudes than winter emissions, in agreement with the findings of Estellés et al. (2010) . According to those authors, these prediction models can be very useful for optimizing NH 3 emission measurement protocols.
It seems that temperature could influence emission patterns because maximum emissions are registered between 1 and 2 h after maximum indoor temperatures occur. Therefore, we tested the hypothesis that indoor temperature was the factor with the most influence on NH 3 emissions. Considering that average NH 3 emissions and temperatures varied during the growing period, this effect was analyzed in relative terms: for each day, NH 3 emissions were measured relative to the daily average, whereas we considered the temperature difference with respect to the daily average. The resulting relationship is shown in Figure 4 . In summer, an increase of 1°C in the indoor temperature involved a 10.2% increase in NH 3 emissions. In winter, this increase was 12.3%.
However, it must be emphasized that the regression model did not explain much of the variability in NH 3 emissions, indicating that other factors following circadian patterns may be influencing emissions. Temperature changes during the day may cause variation in oth- Table 3 . Review of experimental data reporting NH 3 emissions from broiler production over the entire growing period Figure 3 . Average daily variations in outdoor and indoor temperatures, and average daily variation in NH 3 , CO 2 , CH 4 , and N 2 O emissions, expressed in relative terms. All modeled curves were significant at P < 0.001. (Seedorf et al., 1998a) ; therefore, the maximum RH is normally found at night. In addition, ventilation rate is normally assigned as a function of temperature. Considering that higher ventilation flows tend to remove indoor pollutants, ventilation rates and gas concentrations tend to be inversely correlated . Apart from these considerations, gaseous emissions, particularly NH 3 , from a certain surface depend on the air velocity distribution over that surface (Aneja et al., 2001) . Finally, during the day, bird activity also varies according to management practices (Calvet et al., 2009) . Therefore, these parameters may be affecting NH 3 emissions together with temperature. Although these relationships have been identified, further research would be necessary to quantify how they affect NH 3 emissions to establish proper management and mitigation techniques. The effect of bird activity on gas emissions is not well understood, except for CO 2 production. Carbon dioxide emissions are highly dependent on bird activity, which in turn is closely related to the light regimen and other management practices (CIGR, 2002; Calvet et al., 2009) . The relationship between bird activity and NH 3 , CH 4 , and N 2 O emissions, however, is not so evident, considering that these emissions originate from the litter and not from the birds themselves. It is not clear whether some bird activities, such as scratching, which are also subject to circadian variations, may enhance the emission of these gases. Quantifying this relationship could be useful to understand the daily variation in gas emissions in broiler buildings.
Conclusions
The results from 2 experiments on gas emissions in a Mediterranean commercial broiler farm indicate that emissions differ slightly from experimental values obtained for other countries. Although environmental conditions in broiler production are strongly controlled, certain management practices may affect the emissions.
Gas concentrations were within the recommended thresholds, and they were higher in winter than in summer, given the lower ventilation flow. The use of new litter material in each cycle determines the dynamics of NH 3 production. For this reason, NH 3 emissions are mainly produced at the end of the summer cycle, whereas in winter, NH 3 production begins earlier in the cycle. Carbon dioxide emissions were similar to the values proposed previously, whereas N 2 O and CH 4 emissions were low in comparison with the emissions from other livestock production systems.
For all gases, a daily pattern was identified that reflected the daily variability in emissions. These models allow the prediction of daily patterns of gaseous emissions and the optimization of measurement strategies. A direct relationship between NH 3 emissions and indoor temperature was also observed. Although indoor temperature was identified as a main variable influencing NH 3 emissions, other variables, such as ventilation rate and bird activity, may also be influencing those emissions.
